Introduction
Non-volatile memory refers to memory devices that can retain stored information even when electric power is not applied. Usually, non-volatile memories are utilized as secondary storage in computers, long term persistent storage and portable data storage. The most popular portable non-volatile memory nowadays is the Flash memory. The common device structure of a flash memory cell contains a MOSFET with a floating gate. The information storage relies on charge storage on the floating gate. Currently, there exist two types of flash technology: NOR and NAND technology. NAND technology tends to dominate because of its better scaling potential and lower cost. The major concerns regarding the floating gate based flash memory now is its scaling limitations. Challenges, such as cell-to-cell interference and programming disturbance, require closer attention, especially for short gated devices. Solutions have been researched in both software development for flash memory, such as sophisticated reading/writing controller, and physical structure improvement. Nano-floating gate structure is one of the proposed physical solutions to overcome the scaling challenges of flash memory [38] . Instead of using a floating gate, this new proposed structure uses silicon nanocrystals to trap charges. This structure can be used to build devices with much thinner oxide layer, which reduces the size. However, concerns still exist about its data retention capabilities. Moreover, the current prevailing writing operation for flash memory is called block writing, which includes four steps: 1) Dump the whole block into a buffer DRAM; 2) Write new information into DRAM; 3) Erase old information in Flash; 4) Write information stored in DRAM into Flash. This requirement on buffer DRAM adds complexity to flash memory, which results in more chip space occupation and lower speed. As the demand for data storage capability increases, memory density and reading/writing speed have become key factors for technology advancement. To overcome or compensate the limitations of flash memory technology, innovative concepts and materials are being investigated. Non-volatile memory devices based on chalcogenide materials are the most promising technology due to its fast reading/writing speed and high scalability. In addition to those, since the information storage for chalcogenide devices are based on phase or electrochemical reaction, chalcogenide based devices display excellent retention characteristic, especially so when compared to flash memories that rely on charge storage.
In general, information storage devices based on chalcogenide materials could be categorized into two types. Phase change memory (PCM) is one of them. The information storage is realized by converting nanoscale grains of chalcogenide materials between an amorphous state and a crystalline state [1] . The conversion requires applying heat onto nanoscale memory grain. This can be done through either optical or electrical methods. Optical phase change memory was developed and commercialized in 1990s. Now it is widely used in rewritable optical data recording (e.g. RW-DVD discs). Electronic phase change memory did not attract much attention at the beginning, mainly due to the vast developemnt of charge-storage memories, such as EPROM and Flash. Not until the recent decade, when scaling limitation raise concerns on charge-storage memories, does electronic PCM re-gain attention of the memory industry. Materials used as active recording layers for PCM are Sb-Te containing alloys, with the most widely used material being the Ge-Sb-Te (GST) system [2] [3] [4] . The other type of information storage mechanism is relatively new. It is known as Programmable Metallization Cell memory (PMC). This type of memory device relocates metal ions in a solid state electrolyte using electrochemical methods [5] [6] . Therefore, one can control the resistivity of the solid state electrolyte to achieve the data recording purpose. The PMC was first suggested by M. Kozicki [5] in early 2000s. Several research groups and indutrial R&D are inverstigating in this direction now. A variety of names have been given to this type of devices, such as conductive-bridge RAM, nanobridge memory and eletrolytic memory etc. Materials used as active recording films for this category are metal containing chacogenides, such as Ag-Se, Ag-S [7] , Ag-Ge-Se [5] [6] , Ag-Ge-S [8] , Cu-S [9] etc. PMC, compared to PCM, has the advantages in terms of short recording time, low recording power as well as better scaling capability [5] [6] .
Chalcogenide materials
Chalcogenide materials used in both PCM and PMC are usually in glassy form. Glass is also called amorphous materials or disordered materials. Not like crystals, glassy materials do not have long range order in their lattice. This kind of disordered structure makes possible some unique properties of glassy materials. Chalcogenide glasses are simply glasses containing elements from group VI of periodic table; usually they are alloys of group IV and/or group V elements together with group VI elements. When heated, solid glass experience three critical temperatures (Fig 1) : glass transition temperature (T g ), crystallization temperature (T c ) and melting temperature (T m ). Glass transition temperature is a signature of significant softening of glasses; it is measured by probing the viscosity of glasses. Glasses with temperature above T g but below T m are still in solid format, but with lower viscosity. This is significantly different from crystals, which do not have T g . When temperature increases up to T c , glasses starts to crystallize, results in poly-crystal in most situations. Increasing temperature above T m will melt the glasses. Genrallay, crystallizaon process has two states, nucleation state and crystal growth state. At crsystallization temperature, molecules starts to gather into clusters, thus forms nuclei. The crystal will further grow from those nuclei. The crystal growth process needs time, which is material dependent. Glasses are usually obtained by quickly quenching melts. This quenching process forces temperature to by-pass T c quickly, so that crystallization does not have time to happen. The GST system (Ge-Sb-Te) used in PCM devices has a typical melting temperature of 600 o C, and its crystalization temperature is between 100-150 o C depend on specific chemical composition. Not all compositions can form glasses; some compositions tend to crystallize easily during quenching, those compositions are called poor glass formers. Application of chalcogenide glasses requires their glassy state to be stable, i.e. good glass formers. Boolchand et. al. suggested that chalcogenide glasses display three elastic phases as a function of their mean coordination number: floppy phase, Intermediate phase (IP) and stressed rigid phase (Fig 2) [ [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Glass compositions in floppy phase and stressed rigid phase are usually poor glass formers due to the high internal stress in their molecular structure. Compositions in IP are usually good glass formers because their molecular networks are nearly stress free. Good glass formers are needed for PCM devices since they can form glass even when temperature is brought down slowly. Therefore, compositions in IP are ideal for PCM devices. Within the glass forming region of Ge-Sb-Te system, increasing composition of Ge usually increases the melting temperature, which is undesireable because of the power concerns. On the other hand, decreasing the Ge content will cause the glass become unstable in glassy states, which causes problem in term of data retention. Therefore, typical compositions selected for PCM devices is Ge 2 Sb 2 Te 5 system (GST-225). The GST-225 system have typical melting temperature of 600 o C, and its crystalization temperature is around 120 o C. Glasses in IP are also ideal for PMC devices. The stress free nature of their network structure makes them good solid state solvent for metal additives, which is necessary for PMC devices.
Phase Change Memory (PCM)

Theoretical background
The operation of PCM devices relies on the resistance difference between the glassy phase (amorphous phase) and the crystalline phase. The materials used in PCM are mostly Tellurium based glasses, i.e. GST systems. As shown in Fig. 1 , amorphous phase usually displays high resistance, which corresponds to logic '0'; crystalline phase usually displays lower resistance, which corresponds to logic '1'. The typical high resistance, i.e. Off resistance, is in 10 6  range, and the typical low resistance, i.e. On resistance, is in 10 3  range. In order to convert the active material from amorphous phase (logic '0') to crystalline phase (logic '1'), one needs to increase the cell temperature above T c , but below T m . This corresponds to the SET process in logic memory. However, crystallization process needs time. Depends on the size of the cell, it may take 100~500ns. This somewhat limits the speeds of PCM memory. On the other hand, to convert from crystalline phase to amorphous phase, one needs to increase temperature to a higher level, all the way up to above T m . Once the cell melts, remove heat and let the cell quench. The cell then returns to amorphous phase, i.e. logic '0'. This process corresponds to the RESET process. Fig. 3 shows the SET and RESET process of PCM cell. The heating is controlled by cell current. During SET process, cell current is controlled in SET region, this assures the cell temperature is between T c and T m . During RESET process, cell current is much higher, at least above I RESET_min , this assures cell temperature is high enough to form melts. Fig. 4 shows a typical structure of a vertical PCM cell. This figure is taken from Woo Yeong Cho et. al.'s IEEE contribution [23] . A PCM cell is composed of an access transistor and an active element, which is usually GST material sandwiched between two electrodes. The gate of the access transistor is controlled by word line. The top electrode (TE) is connected to bit line. Only when both bit line and word line are active, this PCM cell is selected, i.e. current is allowed. In order to improve the heating efficiency, The bottom electrode (BE) is in contact of GST material through a narrow bottom electrode contact (BEC). This BEC structure increases the current density of the cell, therefore, the heating efficiency as well. (writing logic '1') and RESET (writing logic '0'). As mentioned earlier, SET process needs lower writing current, but longer time. On the contrary, RESET process needs higher writing current but shorter duration. This is because melting is an instantaneous phase change, but crystallization is a gradual process. Typical SET time is 100~500ns, while typical RESET time is 50-100ns, depends on the size of the device. Reading is actually a sensing process. During reading process, the phase of active material cannot be affected. Therefore, reading current is much lower than the I SET_min . This assures the cell temperature is always lower than T c during reading process; therefore, the cell resistance remains in its original category. Typical reading time is around 50ns. The detailed programming steps are explained as the following [23] [24] : 1. RESET A high voltage is applied on the bit line (BL), while the word line (WL) is active for 50~100ns so that the access transistor is ON during RESET time. This high voltage generate high current, which will melt the GST material. Once RESET time elapses, the current is removed abruptly by de-activate WL. This forces GST material to cool rapidly, hence turns into glass. 2. SET A medium voltage is applied on BL, while the WL is active for 100~500ns so that the access transistor is ON during SET time. This voltage is not so high to melt the GST material, but is enough to heat it above crystallization temperature (T c ). During SET time, small crystal nucleus form firstly, then grow into larger crystalline structures. Once SET time elapses, heat is removed, proper crystalline phase is formed. 3. READ A low voltage is applied on BL, while WL is active to turn on access transistor during read time. The stored data is sensed by comparing the BL current with a reference value. If BL current is higher than reference, a logic '1' is identified; if BL current is lower than reference, a logic '0' is identified. As we mentioned earlier, the programming process of PCM cells heavily relies on resistive heating by elevated currents. This requires the adjacent PCM cells to be isolated properly. Otherwise, disturbances in un-selected cells may cause unwanted writing. On the other hand, reading, SET and RESET current/voltage needs to be carefully calibrated to guarantee 1) they are within design limits; 2) within current/voltage rating of the device.
Device structure
Current development in the field
The most widely used information storage media for Phase Change Memory now is Ge 2 Sb 2 Te 5 (GST). Nevertheless, concerns regarding the high SET/RESET threshold and low SET speed of GST material stimulate the efforts in seeking new phase change materials. S. Song et al. [28] recently reported the potential of a low power phase change application using Sb 2 Te 3 -Ta 2 O 5 . They claim that the above mentioned material can achieve phase change with lower RESET threshold and shorter pulse width. With a pulse width of 100ns, the RESET threshold is 1.6V, compared to 4.0V for single-layer GST device. This reduction in RESET voltage is due to two factors: 1) The reduced thermal conductivity of Sb 2 Te 3 -Ta2O 5 , which is 0.46W/mK compared to 0.54W/mK of crystalline GST. This leads to efficient Joule heating, thereby reducing the voltage required to amorphorize; 2) The lower melting point of Sb 2 Te 3 -Ta 2 O 5 compared to GST. They also found that the Sb 2 Te 3 -Ta 2 O 5 based device could achieve fast programming with pulse width as short as 20ns.
In addition, binary Sb 80 Te 20 material is also found to display desirable properties, such as low threshold and fast SET speed. The problem with the pure binary Sb 80 Te 20 is its low crystallization temperature, which would be a stability concern. Research has been devoted into doping materials into Sb 80 Te 20 [29] or forming a multilayer structure [30] to overcome this issue. Wang et al. [31] recently reported a nano-composite multilayer structure incorporating Sb 80 Te 20 and the dielectric material SiO 2 . They found by tuning the thickness of Sb 80 Te 20 film with respect to SiO 2 layer, one can tune the crystallization temperature, making it higher than that of pure Sb 80 Te 20. With the purpose of increasing the data storage density, research has also been devoted into seeking multi-level storage using a single cell. Y. Gu et al. [32] recently reported that by adjusting the composition of Ge-Sb-Te, one can achieve 3 distinct resistance level by carefully controlling the SET current. They found that Ge 15 Sb 85 Se 0.8 composition display a first resistance shift from 1x10 4  to 5x10 3  at 528K and a second resistance shift from 5x10 3  to 1x10 2  at 602K. This indicates the possibility to store more than 1 bit of information in the same cell. Y. Yin and S. Hosaka [33] also reported multi-level storage using SbTeN materials. They proved that a 2 bits storage is feasible using the above mentioned material, as shown in Fig. 6 . According to their experiment, the SET from R0 to R1 needs 0.4 mA, SET from R1 to R2 needs 0.8 mA, while SET from R2-R3 needs 1.2 mA. The spaces between SET current thresholds are pretty large, so that the manipulation is not hard. 
Programmable Metallization Cell (PMC)
Theoretical background
Active materials forming PMC cells are called solid state electrolytes. They are named so because they are somewhat analogous to liquid state electrolytes. We all know that in liquid electrolytes, ions' mobility is high enough to serve as current carriers. Similarly, solid state electrolyte also contains ions that are highly movable, majorly they are metal ions that carry positive charges. Many materials can serve as solid state electrolytes. Basically, they can be categorized into two types, chalcogenide-based electrolytes (Ag-Se/S, Cu-Se/S, Ag-GeSe/S, Cu-Ge-Se/S [5] [6] [7] [8] [9] etc. ) and oxide-based electrolytes (WO 3 ) [25] . We will focus on chalcogenide based electrolytes in this paper. The process of PMC operation is actually an electro-chemical process. A simple PMC cell is just a thin layer of solid state electrolyte sandwiched between an anode and a cathode. Anode is an electrode that serves as a source of metal ions in active layers. For example, if the solid state electrolyte is silver (Ag) based, i.e. Ag-Se or Ag-Ge-Se, the anode must be Ag. Cathode is an inert electrode, such as nickel (Ni) or aluminum (Al). A forward voltage bias across the PMC cell will cause the metal ions move towards cathode and eventually be oxidized into metal atoms. Oxidized metal atoms accumulate on cathode, growing towards anode. On the other hand, metal atoms in anode are reduced into metal ions and enter electrolyte to replenish the loss from oxidation. The process is self sustaining until the metal atoms accumulate all the way to anode. This forms a conduction link between two electrodes; therefore, PMC reaches a low resistivity state that corresponds to logic '1'. A reverse voltage bias will just do the opposite. This time cathode becomes source of reduction. The previous accumulated metal atoms on cathode will be reduced into ions and move toward anode. However, this process cannot sustain since once all metal atoms on cathode are oxidized, there is no longer any oxidation source, and the process will stop automatically. This reverse process dissolves the conduction link between electrodes; therefore, PMC cell returns to high resistivity state, which corresponds to logic '0'. Fig. 7 illustrates the structure of a PMC cell using silver based solid state electrolyte, as we reported in [26] and [27] . The device is fabricated on a glass substrate using aluminum cathode. We found that the thickness of solid state electrolyte layer has great effects on device performance. We will discuss the thickness dependence in detail in section 4.4. All three layers are evaporated using a thermal vacuum evaporator. In order to avoid spitting during evaporation, a special evaporation boat was designed for chalcogenide layer. The active layer thickness ranges from 8nm to 30nm. Fig. 7 . Cross-section view of a PMC cell structure fabricated on glass substrate. This device is a silver-based PMC. [26] 4.3 Reading and writing process Fig. 8 shows I-V characteristic of the above mentioned PMC cell. The active layer thickness of the testing device is 15nm. Electric current through PMC cell is measured using a Keitheley source meter while voltage across device is tuned. Starting from 0V, voltage was increased up to 1V, then decreased to -1V, and finally brought back to 0V. We can clearly observe that the resistance of PMC device switches from high to low at 0.8V (SET voltage); and resistance switches from low to high at around -0.5V (RESET voltage). The measured 'ON" resistance (corresponds to logic '1') is 3 order of magnitude higher than the measured "OFF" resistance (corresponds to logic '0'). Fig. 8 . I-V characteristic of a PMC testing cell. This cell is 100 by 100 m and 60 nm in thickness. [8] Therefore, the reading and writing process can be summarized as following: 1. SET To SET PMC cell, a positive voltage pulse is needed. Since the electro-chemical process only need several ns to complete, a 30-50 ns SET pulse is enough. This, compared to SET pulse of PCM cell, is a significant advantage in term of device speed. 2. RESET A negative voltage pulse is needed for RESET. This requires the access circuit of PMC cell allows access in both polarities. Therefore, a single access transistor is no longer enough. A possible access structure could be a NMOS transistor plus a PMOS transistor. This somewhat increased the complexity of memory circuit. However, since thermal isolation is not so essential for PMC memory as that for PCM memory, chip spaces for thermal isolation can be saved significantly. Therefore, PMC cell is still a highly scalable solution. 3. READ A very low voltage pulse, as low as 0.1V, is needed for Reading. Similar to PCM reading, the device current is compared to a reference value. If device current is higher than reference, a logic '1' is identified; if device current is lower than reference, a logic '0' is identified. The typical resistance difference between logic '1' and '0' is at least 2 order of magnitude for PMC cell. 
Device structure
Effects of active layer thickness
Recently, Wang et. al studied the thickness dependency of PMC devices [27] . They found that the device metrics, such as R on , R off as well as switching threshold, has significant dependency on the active layer thickness. Fig. 9 shows the I-V characteristics of devices with thickness of 8nm, 15nm and 30nm. The Peak SET Current and Peak RESET Current are both increasing as a function of active layer thickness. This is due to the reduced ON resistance (R on ) for thicker devices. The formation of conduction links during 'SET' process is an electrochemical deposition process, which always happens at surface first (in this case, electrolyte/cathode surface) [14] . This process relies on the availability of deposition nuclei and the prompt movement of Ag+ ions towards the surface. Therefore, the number of conduction links that can be formed mostly depends on the number of nuclei that can be formed at the beginning of this electrochemical deposition process. According to our previous work on Ag-Ge-S [15] , the distribution of Ag+ in Ag-Ge-S electrolyte is not uniform. Rather, Ag+ ions are accumulated in some silver rich islands that are distributed in the backbone. Therefore, at the very beginning, Ag+ ions from islands near the surface tend to form nuclei. Once nuclei are formed, new comers of Ag+ ions would prefer to accumulate around the nuclei. For thinner electrolyte films, the distribution of Ag+ rich islands is dispersed and the size of those islands reduces too. Therefore, for 8nm devices, the formation of deposition nuclei is highly dispersed and not continuous. The result of this discontinuity is that less conduction links can be formed to connect cathode and anode. Moreover, when the active layer is thin, Ag's accumulation at cathodes localizes the Ag ions' movements due to the size of Ag (around 0.32nm in diameter). The overall effect is higher R on for thinner devices. It is also observed that the R off of all 3 groups are roughly in the same order of magnitude, but slightly increase as a function of thickness. This is obvious since the resistance increases if one extends the length of the resistor. Therefore, the extremely large R off /R on ratio for 30nm devices is majorly due to their low ON resistance. The SET voltage of the three groups shows very slightly decreasing trend as a function of thickness. This is probably due to the localization of Ag ions' movement in thinner devices. However, since the Ag ions move super fast, the difference among SET voltage is not very significant. On the other hand, the RESET voltage shows significant discrepancy among three thickness groups. Overall, an increasing trend in RESET voltage is observed as a function of active layer thickness. While the RESET voltage is comparable between 15nm (0.64V) and 30nm (0.62V) devices, the RESET voltage of 8nm devices is significantly lower (0.05V) than that of 15nm and 30nm devices. Our explanation to this phenomenon is thicker devices (i.e. 30nm) have more conduction links once SET; hence, during RESET, more Ag atoms need to be ionized. This requires certainly higher reverse voltage. The 8nm group needs only -0.05 volt to RESET. Also notice, the R off /R on ratio of 8nm devices is only 5.05, significantly lower than that of 15nm and 30nm devices. This indicates that there were very few Ag conduction links formed in 8nm devices during 'SET' process due to dispersed deposition nuclei. Therefore, during RESET, there are not many Ag atoms on cathode to be ionized, which explains the low RESET voltage.
Current developments in the field
The first generation of programmable metallization cell was built based on metal containing chalcogenide solid electrolytes, such as Ag-Ge-S, Ag-Ge-S and Cu-Ge-S etc, with Ag or Cu as reactive electrodes. People then discovered that using Cu doped SiO 2 as the active medium of PMC is al so v i able. Thi s ne w type of de vice has the a dvantage of e asier integration with the current CMOS technolog y , s i n c e C u i s c u r r e n t l y u s e d a s t h e interconnect metal in integrated circuits, while SiO 2 is known as the insulating material. However, unlike chalcogenide based devices, Cu can hardly be photodiffused into SiO 2 . Instead, thermal diffusion or ion implantation has to be used to introduce Cu into SiO 2 backbone. Several groups reported the feasibility of fabricating Cu/SiO 2 based devices [34] [35] . Approaches aiming to increase the data storage density is also vastly investigated for PMC devices. The research is diverted into two directions; one aims to improve the architecture of the device, i.e. 3-D devices [36] ; the other focuses on multilevel programming of the cell itself [37] . Russo et. al. [37] reported the knetics of the conductive filament's formation and growth during the programming can be controled by limiting the current compliance. The resistance of the cell can be tuned to 4 distinguished resistance states. This suggests the posibility of 2 bits storage of a single PMC cell.
Conclusion
In this chapter, we reviewed two non-volatile memory solutions based on chalcogenide glasses. PCM device is a relative mature solution now. PMC is a new concept and still in experimental stage. Non-volatile memory devices based on chalcogenide materials are the most promising replacement of charge-storage based memories due to its fast reading/writing speed and high scalability. In addition to those, since the information storage for chalcogenide devices are based on phase conversion or electrochemical reaction, chalcogenide based devices display excellent data retention characteristic when compared with charge-storage based devices.
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